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Description
BACKGROUND

[0001] Traditional imaging systems are commonly designed so that the final image quality is high over a narrow region
of object space; for example, objects located over a narrow range of object conjugate distances may be imaged by the
traditional imaging system to form an in-focus image. The depth of this narrow region of the object space is determined
by the depth of field of the system. More recent imaging systems may employ non-traditional imaging designs and
techniques that allow an increased depth of field compared to classical systems. For example, U.S. Patent No. 5,748,371,
entitted EXTENDED DEPTH OF FIELD OPTICAL SYSTEMS issued 5 May 1998, discloses imaging systems configured
to provide an increased depth of field.

[0002] US 2003/0234867 A1 discloses an information terminal for imaging a first object at a normal distance and a
second object nearer than the first object. The information terminal has an imaging lens and an imaging device for
capturing an image formed by the imaging lens. The imaging lens is a multifocal lens and composed of a first lens portion
having a first focal length for imaging the first object at a normal distance and a second lens portion having a second
focal length for imaging the second object nearer than the first object. The first and second lens portions are arranged
on the same plane and formed in one piece. The information collected by imaging the second object is used for processing
such as communication and display.

[0003] This document deals with two complete images, i.e. the optics provided differentiate between portions of a
single lens, i.e. first and second image forming sections, that create two corresponding separate images on the imaging
device. The teaching of this document does not deal with imaging optics producing a single image.

[0004] EP-A-1726984 discloses a multi-matrix depth of field image sensor.

[0005] JP 2006-184844 addresses the problem to provide an image forming optical system capable of forming the
images of a plurality of subjects to be inspected which are separated in the optical axis direction on the same image
forming surface at the same time while maintaining a sufficient resolution. Between the subjects to be inspected and
the image forming surface, optical elements which are divided into a plurality of regions having different refractive powers
from one another are arranged, wherein the plurality of regions are respectively arranged on different positions in the
optical axis direction. Thereby, images of the plurality of subjects which are separated in the optical axis direction can
be connected on the image forming surface at the same time. Otherwise, between the subject to be inspected and the
image forming surface, a transparent parallel flat plate is arranged so as to allow a part of light from the subject to be
inspected to pass through the same. Thereby, the images of the plurality of subjects to be inspected which are separated
by distances in accordance with thicknesses and refractive indexes of the parallel flat plate can be connected on the
image forming surface at the same time.

SUMMARY OF THE INVENTION

[0006] The invention provides a multi-region imaging system comprising the features of claim 1 and a method of
imaging comprising the features of claim 4.

BRIEF DESCRIPTION OF DRAWINGS

[0007] The presentdisclosure may be understood by reference to the following detailed description taken in conjunction
with the drawings briefly described below. It is noted that, for purposes of illustrative clarity, certain elements in the
drawings may not be drawn to scale.

FIGS. 1 and 2 show possible application scenarios suitable for use with a multi-region imaging system, in accordance
with an embodiment.

FIG. 3 shows a block diagram of a multi-region imaging system, in accordance with an embodiment.

FIGS. 4-7 illustrate an analysis and design approach for configuring a multi-region imaging system, in accordance
with an embodiment.

FIG. 8 shows a plot of an exemplary one dimensional exit pupil phase profile, in accordance with an embodiment.
FIG. 9 shows a plot of an ambiguity function for a diffraction limited imaging system.

FIGS. 10 and 11 show plots of ambiguity functions for a cubic phase imaging system and a multi-region imaging
system, respectively, in accordance with an embodiment.

FIG. 12 shows a block diagram of an exemplary imaging system, in accordance with an embodiment.

FIG. 13 shows a plot of a through-focus MTF curve for the exemplary imaging system of FIG. 12 without a specialized
phase surface.

FIG. 14 shows a surface sag plot of one example of design of an aspheric surface of the imaging system of FIG.
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12, which does not form part of the invention, but is useful for illustrating purposes.

FIG. 15 shows a plot of a through-focus MTF curve for the exemplary imaging system of FIG. 12, this time including
the aspheric surface specified in FIG. 14.

FIGS. 16-19 show polychromatic MTF curves far the system of FIG. 12 including the aspheric surface of FIG. 14 at
different conjugate distances.

FIGS. 20-24 include polychromatic MTF curves of the same system as those related to FIGS. 16-19, but which has
been optimized to also provide adequate imaging at 25 cm conjugate distance.

DETAILED DESCRIPTION OF ILLUSTRATED EMBODIMENTS

[0008] While the depth of field of an imaging system may be increased using different techniques, certain limitations
may exist. For example, the height of a modulation transfer function ("MTF") at a particular spatial frequency over a
range of conjugate distances (also known as a "through-focus MTF") is a quantity related to image quality achievable
by an imaging system. (Note, throughout this application the term "conjugate distance" is meant in the sense of object
conjugate distance.) For a given application, a designer of the imaging system may not arbitrarily set the height of the
through-focus MTF, since a maximum value of the MTF at a particular conjugate distance is determined by a diffraction-
limited MTF. While the through-focus MTF curve for a traditional imaging system generally includes one peak at a
particular conjugate distance and drops to nearly zero away from the peak, the through-focus MTF curve for an extended
depth of field imaging systems may have a non-zero value over a range of conjugate distances. In extended depth of
field imaging systems, the height of through-focus MTF (and/or light gathering ability of the imaging system) may also
drop relative to that of the diffraction-limited system.

[0009] A mathematical approach to understanding the aforementioned through-focus MTF drop with increased depth
of field is to consider a general monochromatic exit pupil phase function P(x) for a given aperture, where:

|P(x)] =1 within the aperture, Eq. (1)

and

P(x)=0 Eq. (2)

outside of the aperture.
[0010] The through-focus MTF for a particular spatial frequency may be given by the equation:

Through — focus MTF ()= IFourier Transfornz(P(x —a)P(x + a) *X , Eq.(3)

where a is a constant related to the particular spatial frequency @ and * denotes complex conjugate. From Parseval’s
theorem, it is known that the sum of the squared magnitude of two signals related by Fourier Transform are equal. In
other words, for a particular spatial frequency , the sum of the squared through-focus MTF values is equal for allimaging
systems that meet the definitions above. Consequently,

Z Through ~ focus MTF (cu)2 = constant Eq. (4)

for all P(x).

[0011] The consequence of the above mathematical description is that the height of the through-focus MTF over a
range in object or image space (e.g., over a range of conjugate distances) is limited. That is, increasing a range of clear
imaging in object space leads to a reduction in height of the MTF. This same concept, in the context of an ambiguity
function, is also called "conservation of ambiguity".

[0012] In order to overcome the aforedescribed limitations and to meet the needs of advanced applications, various
embodiments of multi-region imaging systems are disclosed herein. In accordance with an embodiment, a multi-region
imaging system is a single aperture imaging system that is configured for providing good imaging performance at two
or more spatial regions (e.g., in conjugate distance, image region or both) in a single exposure. The multi-region imaging
system may be implemented as having, for instance, amonochromatic exit pupil, a polychromatic exit pupil, a polarization-
dependent exit pupil or polarization-dependent image plane, or a combination thereof. The multi-region imaging system
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may also be connected with a processor for performing one or more of forming a human viewable image, transmitting
captured image data to another location, and processing the captured image data to perform a task. Such processor
may utilize information of optics forming the two or more spatial regions to process each region so as to provide a clear
image of each region.

[0013] There are various applications of imaging systems where good low light performance and clear imaging over
a large range of object distances are desired. One example is shown in FIG. 1, which illustrates desired imaging char-
acteristics for a mobile phone camera. FIG. 1 shows a scenario 10, in which a mobile phone camera 20 may be required
to provide good performance in near field imaging, such as imaging a barcode 30, as well as far field imaging, such as
imaging a portrait subject 40 at a distance of 2 meter or more. That is, it would be desirable to obtain sharp imaging of
objects from infinity to portrait distance as well as very close imaging, on the order of 10 to 12 cm from the camera, for
reading and decoding near objects such as barcodes and business cards. Additionally, good low light imaging perform-
ance in such a mobile phone camera may be achieved by using fastlenses (e.g., <F/2.0). The use of fast lenses generally
translates to decreased depth of field and increased close focus distance with clear infinity imaging. Specifically, in-
creasing the speed of the lenses to F/2 and faster may either move the close focus conjugate distance far from the close
focus desired distance, or unacceptably decrease the image quality. The embodiments herein help alleviate such re-
ductions in image quality and other problems.

[0014] Another example of an application requiring good low light performance and clear imaging over a large range
of object distances is in automotive imaging systems, such as illustrated in FIG. 2. FIG. 2 shows a scenario 50, in which
an automobile 60 approaches a street sign 70. Automobile 60 may include a camera 75 for capturing images of objects
outside of the automobile. Camera 75 may be used in forward looking imaging systems for object recognition, for example,
to recognize street signs, pedestrians and lane demarcation lines. Camera 75 may be further connected with a processor
80, which may perform functions such as object recognition on images captured by camera 75. While a human-viewable
image is not always necessary for object recognition, capturing information may be desirable at times for objects far
from camera 75 (e.g., objects located at infinity) for use in, for instance, a task-based image capture and processing
application. Additionally, it may be desirable in some situations for the imaging system to be capable of directly imaging
at near field distances, such as a windshield 85 of automobile 60; for instance, near field imaging may be integrated into
activation of rain sensors and/or to warn a driver when windshield 85 is dirty. Processor 80 may be further connected
with a central computer 90 of automobile 60 so as to effect certain actions by automobile 60 in reaction to detected
triggers, such as activation of windshield wipers in the case of rain. Due to automobile design constraints, the distance
from camera 75 to windshield 85 may be as little as 5 cm in some automobiles. As in the mobile phone application of
FIG. 1, the use of fast lenses in camera 75 may improve low light performance, although the close focus conjugate
distance may be increased as a result.

[0015] An exemplary block diagram of an exemplary multi-region imaging system is shown in FIG. 3. A multi-region
imaging system 300 includes multi-region optics 310, a sensor 320 and a processor 325. Multi-region optics 310 may
include, for example, specialized optics for imaging both a near object 330 and a far object 335 in one image onto sensor
325. Sensor 320 captures the image so as to generate image data 315 in accordance with the captured image. Processor
325 may implementimage signal processing ("ISP") to act on image data 315, for instance, to produce a human-viewable
image 340 or a processed result 345 related to a task, such as reading and decoding a barcode, business card or street
sign. Processor 325 may utilize information of multi-region optics 310 to optimize processing of each region to produce
a clear image for each region. Optionally, multi-region imaging system 300 may be configured to simultaneously produce
both human-viewable image 340 and task-related result 345, as will be further described hereinafter.

[0016] The operational concepts behind the multi-region imaging system, such as multi-region imaging system 300,
are described in conjunction with FIGS. 4 - 12. For simplicity, one-dimensional optics are considered in these figures,
assuming incidence of parallel light rays from infinity on one side of each lens (from the left side of each figure). Consider
the ray-based drawings of a traditional imaging system 400 of FIG. 4 and an extended depth of field ("EDoF") imaging
system 500 as shown in FIG. 5. Traditional imaging system 400 includes optics 410 with an optic axis 412 configured
for focusing incident rays 415, from the left hand side of FIG. 4, at a plane of best focus 420, which is indicated in FIG.
4 as a dot-dash line to the left of optics 410. Traditional imaging system 400 has essentially one plane of best focus;
that is, parallel rays 415 through all portions of optics 410 generally come to a focus at the same plane 420. In contrast,
EDoF imaging system 500 includes a combination of optics 410 with a phase modifying element 510; one suitable
example of phase modifying element 510 is a phase mask, such as that described in U.S. Patent Number 5,748,371 by
Cathey, et al., entitled "Extended depth of field optical systems" (hereinafter, "the ‘371 patent"). The combination of
optics 410 and phase modifying element 510 is configured such thatincidentrays 415 are imaged to an extended imaging
region 520 (as indicated by a bracket) over a range of image distances or, in other words, planes of best focus. The
planes of best focus may be contiguous such that the depth of field provided by EDoF imaging system 500 is extended
over a range of imaging or conjugate distances, thereby resulting in an extended depth of field imaging system.
[0017] For example, for an extended depth of field imaging system including a cubic phase function for modifying the
wavefront of electromagnetic energy transmitted therethrough (such as that described in the ‘371 patent), the mono-
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chromatic exit pupil phase function of the resulting imaging system is given by a one-dimensional phase function P(x)
as a function of x :

P(x)= expljax*) Eq. (5)

within the aperture, where « is a constant and ] = ,/—] s and

P(x)=0 Eq. (6)

outside of the aperture. That is, the phase modification imposed on the wavefront of incident rays 415 by the combination
of optics 410 and phase modifying element 510 in this case is ax3. The second derivative of this phase modification is
an expression approximating the focal length across the exit pupil as a function of position:

Focal Length~a *6x . Eq. (7)

[0018] In other words, the cubic phase modification provided by the presence of phase modifying element 510 in EDoF
imaging system 500 results in an approximately linear focal length change across the exit pupil.

[0019] One way to consider the effects of phase modifying element 510 in EDoF imaging system 500 is to regard
phase modifying element 510 as being composed of a plurality of small optics segments, such as shown in FIG. 6, with
the focal lengths of these lenses linearly changing across the aperture in accordance with the expression « * 6x as
derived above. In the example shown in FIG. 6, an EDoF imaging system 600 includes a phase modifying element 610,
which is formed from a plurality of optics segments 612A - 612F. The combination of phase modifying element 610 and
optics 410 provides a linearly changing focal length in accordance with the expression « * 6x, thereby providing the
equivalent extended depth of field effect as that provided by the combination of phase modifying element 510 with optics
410, as shown in FIG. 5, assuming the number of optics segments 612 is large enough so that the height of each of the
steps among segments 612A - 612F is, for example, on the order of a wavelength or less. In other words, the combination
of phase modifying element 610 and optics 410 images over an extended imaging region 620 (as indicated by a bracket)
over a range of imaging distances that is equivalent to extended imaging region 520 provided by the combination of
phase modifying element 510 and optics 410, as shown in FIG. 5.

[0020] While six optics segments 612A - 612F are shown in FIG. 6, more or fewer optics segments may be used in a
given EDoF imaging system. A designer of an EDoF imaging system may consider optics segments 612A - 612F having
dimensions on the order of approximately a wavelength of incident illumination of interest, such that a finite number of
optics segments would be used in approximating the performance of EDoF imaging system 600. In such a consideration,
the EDoF imaging system may be conceptually regarded as partitioning incident rays with optics segments 612A - 612F,
wherein each optics segment has a focal length that approximately focuses at a particular region along a range of imaging
distance. Having extended depth of field means that fewer optics segments may be used to image any one point of an
object. Conversely, having a reduced depth of field means that each point of the object is imaged using more of these
optics segments. Another way to view this situation is, as more of these optics segments are used to image each point
of a given object, then a height of a resulting through-focus modulation transfer function ("MTF") for these object points
will increase; on the other hand, as fewer optics segments are used to image each object point, the height of the resulting
through-focus MTF for these points will decrease. It should be noted that this description is a simplified, one-dimensional
first order approximation of the present system and should be considered illustrative only.

[0021] Rather than requiring imaging over a broad range of imaging distances, the multi-region imaging system may
be configured to simultaneously image objects located at specific, possibly non-adjacent regions in the object space.
For example, these non-adjacent regions may not be contiguous in object space. As a result, a multi-region imaging
system may exhibit higher MTF heights and simpler configurations compared to priorimaging systems, as will be further
discussed immediately hereinafter.

[0022] Consider the multi-region imaging system shown in FIG. 7. Instead of requiring that the combination of optics
image objects along a broad range of imaging distances, as shown in FIGS. 5 and 6, each portion of the imaging system
aperture is used to image only a specific region in object space. In the example shown in FIG. 7, a multi-region imaging
system 700 includes a phase modifying element 710, including a plurality of optics segments 712A - 712D. Optics
segments 712A and 712B are configured to cooperate with optics 410 so as to image in a near region 720 (as indicated
by a bracket) over a range of near imaging distances. Optics segments 712C and 712D are configured to cooperate
with optics 410 so as to image in a far region 725 (as indicated by another bracket) over a range of farimaging distances.
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Certain conjugate distances in object space may fall into a "don’t care" region 730 that does not need to be imaged.
Due to the finite total MTF limitation described earlier, having distinct object regions and/or "don’t care" regions allows
higher through-focus MTF heights for those object regions of interest, specifically in near region 720 and far region 725.
Viewed another way, multi-region imaging system 700 provides a single imaging system that is equivalentin performance
to another system that uses distinct sets of imaging optics for imaging over non-adjacent, narrow regions in object space.
Like phase modifying element 610(FIG. 6) being broken up into six segments 621A-612F, phase modifying element 710
is shown as segments 712A-712F for illustrative purposes only. That is, phase modifying element 710 may have other
configurations, such as curved segments or a continuous aspheric surface.

[0023] Still referring to FIG. 7, multi-region imaging system 700 is configured such that the upper half of the aperture
(i.e., optics segments 712A and 712B) may be used to image one region in object space and the lower half (i.e., optics
segments 712C and 712D) may be used to image another region in object space. While optics segments 712A and
712B are shown as being split into the upper and lower halves of the aperture, it is recognized herein that other config-
urations are also possible. The corresponding multi-region exit pupil phase may be expressed as:

Phase multi-region (\) =ax + LOM-’C’I‘(X)ﬂXZ , Eq. (8)

where the ax3 term corresponds to a cubic phase term. The term Lower(x) equals zero for the upper half of the aperture
(i.e., optics segments 712A and 712B), and unity for the lower half of the aperture (i.e., optics segments 712C and 712D).
The term px2 is a focusing or optical power term. The constants « and S may be specified by the designer for a specific
system. Comparing the above expression with the phase function for the cubic phase modification given by Egs. (5) and
(6), the expression for multi-region phase contains an extra Lower(x)x2 term, which is specific to a particular section
of the aperture.

[0024] FIG. 8 shows a plot 800 of an exemplary one dimensional exit pupil phase profile, in accordance with the above
multi-region exit pupil phase expression of Eq. (8), with « = 5 and g = 40. The vertical axis represents aperture phase
in radians, while the horizontal axis shows aperture dimension x in arbitrary units. As may be seenin FIG. 7, the aperture
phase is zero or less for the upper half of the aperture (i.e., through optics segments 712A and 712B), while the lower
half of the aperture (i.e., optics segments 712C and 712D) provides position-dependent phase modification.

[0025] An ambiguity function ("AF") plot 900 related to a diffraction-limited imaging system, such as that exemplified
by FIG. 4, is shown in FIG. 9. The horizontal axis ("u-axis") in plot 900 represents spatial frequency analogous to the
spatial frequency axis of an MTF plot. As is known in the art of AF analysis, the vertical axis ("v-axis") has no direct
relationship to the physical imaging system, but the projection of radial slices of the AF onto the horizontal axis may be
interpreted as the MTF of this imaging system for varying amounts of misfocus. As is known in the art of AF analysis,
darker shades in FIG. 9 represent higher MTF values. In other words, radial cross-sectional slices of the AF yield MTF
curves for different values of misfocus and spatial frequency. As is well known in the art, the AF represents a polar
display of the MTF as a function of misfocus, and radial lines through an origin 940 of AF plot 900 represent the MTF
at varying degrees of misfocus. A radial line with zero slope (e.g., dotted line 910) corresponds to MTF at zero misfocus,
radial lines with increasing slopes (e.g., dotted line 920) correspond to the MTF at increasing misfocus, and a vertical
line (e.g., dotted line 930) through AF plot 900 corresponds to the through-focus MTF at a particular spatial frequency
u. It may be noted that the diffraction-limited AF, as represented by plot 900, is narrow in the vertical direction, thereby
indicating high sensitivity of the resulting MTF to misfocus; that is, away from the horizontal radial line corresponding to
a zero misfocus value (i.e., dotted line 910), the MTF curves corresponding to AF plot 900 exhibit very sharp peaks with
low MTF values away from the sharp peaks, thereby indicating poor imaging quality outside of a very narrow conjugate
distance range.

[0026] FIGS. 10 and 11 show AF plots 1000 and 1100 for a cubic phase imaging system with « = 10 (such as, for
example, that shown in FIG. 4 and in accordance with Egs. (5) and (6)) and for a multi-region imaging system with « =
5 and g =40 (e.g., that shown in FIG. 7 and in accordance with Eq. (8)), respectively. In FIG. 10, a slanted radial line
1020 corresponds to the MTF at non-zero misfocus for the cubic phase imaging system, and a vertical line 1030 corre-
sponds to the through-focus MTF at a particular spatial frequency. Similarly, in FIG. 11, a slanted radial line 1120
corresponds to the MTF at non-zero misfocus for the multi-region imaging system, and a vertical line 1130 corresponds
to the through-focus MTF at a particular spatial frequency. It may be seen that, in contrast to the diffraction limited
imaging system AF plot of FIG. 9, both the cubic phase imaging system and the multi-region imaging system exhibit
ambiguity functions with broader dark regions in the vertical direction, corresponding to higher MTF values; that is, rather
than a narrow dark line at the zero slope as in AF plot 900, AF plots 1000 and 1100 include broader shaded sections in
a horizontal bowtie shape, indicative of higher values over a broader MTF peak corresponding to AF plots 1000 and
1100. In other words, the AF plots of FIGS. 10 and 11 indicate that these imaging systems exhibit good imaging quality
even with non-zero misfocus values. It is known that an ambiguity function represents optical MTF, and a system’s
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sensor spatial frequency limit is typically half or less than the system’s optical limit; the extent of a typical spatial frequency
extent for a digital sensor is indicated by brackets 1035 and 1135 in FIGS. 10 and 11, respectively. Furthermore, AF
plot 1100 corresponding to the multi-region imaging system exhibits two clear regions of best focus separated by a "don’t
care" region (indicated by two dashed ovals 1140A and 1140B).

[0027] A number of variations to the multi-region imaging system are possible. While the example illustrated in FIGS.
7 and 11 assumed a rectangularly separable exit pupil phase, other types of phase modification such as, but not limited
to, circularly symmetric phase, symmetric phase or non-symmetric exit pupil phase may also be used, according to a
desired application. The use of polychromatic (that is, wavelength-dependent) exit pupil phase design is also possible,
and the phase modification may be effected by, for instance, phase modulating optics with subwavelength features.
Alternatively, the phase modification may be implemented using polarization-dependent optical elements.

[0028] FIG. 12 shows a block diagram of an exemplary multi-region imaging system 1200. FIG. 12 is a particular
example of the general multi-region imaging system block diagram as shown in FIG. 3. Multi-region imaging system
1200 includes an optics group 1210, which in turn includes a plano/aspheric element 1220(1) at the front of the imaging
system, and first and second K5/F2 doublets 1230 and 1240, respectively. Plano/aspheric element 1220(1) may be
formed of, for example, poly(methyl methacrylate) ("PMMA"). Plano/aspheric element 1220(1) has an aspheric surface
1292(1), described below; related optical systems utilizing a plano/plano element 1220(2) or modified plano/aspheric
elements 1220(3) or 1220(4) in place of element 1220(1) are also described further below. Optics group 1210is configured
to direct incident rays 1250 toward a sensor 1260. Sensor 1260 may be, but not limited to, a complementary metal oxide
semiconductor ("CMOS") sensor configured for receiving a portion 1265 of incident rays 1250, and for generating image
data 1270 (represented by a dark arrow) in response thereto. Image data 1270 may then be received at a processor
1280 for image processing to form, for instance, a human-viewable image and/or a processing result for a task, such
as bar code reading. The image processing may utilize information of optics group 1210 to form the human-viewable
image and/or the processing result so as to form images that are sharp and clear in best focus regions of a scene imaged
thereby, as discussed below.

TABLE 1
Surface Type Radius Thickness Glass Diameter Conic
Object Standard Infinity Infinity 0 0
1291 Standard Infinity 0.3804 PMMA | 1.347194 0
1292(1)/Stop | Evenasph | Infinity 0.007652431 1.347194 0
1293 Standard 3.285444 0.8864066 K5 2.48704 0
1294 Standard - 2.354398 | 0.2933432 F2 2.48704 0
1295 Standard -28.18008 | 2.168189 2.48704 0
1296 Standard 2.883053 0.8417674 K5 2.104418 0
1297 Standard -1.508167 | 0.242327 F2 2.104418 0
1298 Standard -5.335657 | 1.551752 2.104418 0
Image Standard Infinity 0.0004286271 0

[0029] An exemplary prescription for the various optical surfaces for multi-region imaging system 1200 of FIG. 12 is
summarized in TABLE 1, with the different surfaces (i.e., surfaces 1291 through 1298) as labeled in FIG. 12. A radius
of curvature value of "infinity" corresponds to a plano surface. Prescription details related to plano/aspheric element
1220 are further discussed immediately hereinafter in the following two examples.

[0030] When the multi-region imaging system described in reference to FIG. 12 and TABLE 1 is modified by replacing
plano/aspheric element 1220(1) with a plano/plano element 1220(2) (e.g., element 1220(2) has a second surface 1292(2)
with no curvature) providing no phase modulation, then optics group 1210 produces a through-focus MTF curve 1300
at a spatial frequency of 100 line pairs per millimeter ("Ip/mm"), as shown in FIG. 13. The resulting imaging system is
essentially a traditional imaging system without phase modification or multi-region imaging characteristics. As expected,
through-focus MTF curve 1300 exhibits a single best focus peak 1310 with a peak height of approximately 0.8 in
n01111a1ized units and a narrow peak width 1320 (indicated by a double-headed arrow) and, consequently, a narrow
depth of focus.
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TABLE 2
SURFACE 1292(1) | EVENASPH

Coefficient on r2 0

Coefficient on r4 0.012940072
Coefficient on r6 0.33257242
Coefficient on r8 -1.4950249
Coefficient on r10 -0.26830899
Coefficient on r12 8.0415913
Coefficient on r14 -8.6162206

Figure 14 shows an embodiment which does not form part of the invention, and serves for illustrative purposes only
[0031] FIG. 14 shows an exemplary aspheric surface 1400 suitable for use as surface 1292(1) of plano/aspheric
element 1220(1) in multi-region imaging system 1200 of FIG. 12. Aspheric coefficients corresponding to aspheric surface
1400 are summarized in TABLE 2. With the inclusion of aspheric surface 1400 as surface 10 1292(1) in optics group
1210, a through-focus MTF curve 1500, as shown in FIG. 15, results at a spatial frequency of 100 1p/mm. Through-
focus MTF curve 1500 includes first and second best focus regions 1510 and 1515, respectively, and a "don’t care"
region 1540, that is, through-focus MTF curve 1500 indicates that there is more than one region of focus shifts that
correspond to best focus (two regions, in this example). 15 It is understood that each region of best focus corresponds
to an object distance range, that is, a range of distance of an object from the multi-region imaging system (e.g., distances
of objects 330 and 335 from multi-region optics 310, FIG. 3). All of regions 1510, 1515 and 1540 are indicated by double
headed arrows within dashed vertical lines, although it will be appreciated that the boundaries of each region may not
be 20 sharply defined. In FIG. 14, since they are separated by region 1540, regions 1510 and 1515 correspond to object
distance ranges that are discontiguous. In relation to the example shown in FIG. 1, first best focus region 1510 may
correspond to near field imaging of, for example, barcode 30 or a business card (e.g., a conjugate distance of ~ 13 to
18 cm), while second best focus region 1515 may correspond to far 25 field imaging used for human viewed portrait
imaging (e.g., a conjugate distance of ~60 cm or greater, such that best focus regions 1510 and 1515 are separated by
40 cm or more). The peak heights of through-focus MTF curve 1500 in first and second best focus regions 1510 and
1515 are both approximately 0.27 in this example, although the peak heights may be adjusted through modification of
surface 1292(1), according to the specific application. While the through-focus MTF values in "don’t care" region 1540
do not need to be low, the reduced through-focus MTF values in "don’t care" region contributes to increased through-
focus MTF values in first and second best focus regions 1510 and 1515, respectively, due to the principle of conservation
of ambiguity. Also, although the shapes of first and second peaks 1510 and 1515, respectively, are shown as being
similar, the peak heights and widths of the first and second peaks may be tailored to meet the specific needs of a given
application.

[0032] FIGS. 16 - 19 show diffraction MTF curves for polychromatic (e.g., white) light for optics group 1210 in multi-
region imaging system 1200 of FIG. 12, including aspheric surface 1400 of FIG. 14 as surface 1292(1), at different
conjugate distances. FIG. 16 shows an MTF curve 1600 for a conjugate distance of infinity, and FIG. 17 shows an MTF
curve 1700 for a conjugate distance of 60cm. It may be noted that the values of MTF curves 1600 and 1700 are quite
high through the range of spatial frequencies shown in FIGS. 16 and 17, thereby indicating that multi-region imaging
system 1200 exhibits a high MTF value throughout the far field imaging region at conjugate distances of 60 cm or greater
(e.g., corresponding to region 1515, FIG. 15). FIG. 18 shows an MTF curve 1800 for a conjugate distance of 25 cm (i.e.,
in "don’t care" region 1540, FIG. 15, between near field and far field); it may be seen that MTF curve 1800 drops off
quickly for spatial frequencies above ~30 or 40 cycles per millimeter, thereby indicating poor image quality in this "don’t
care" region. Finally, FIG. 19 shows an MTF curve 1900 for a conjugate distance of 15 cm (e.g., corresponding to region
1510, FIG. 15), which is suitable for near field imaging application such as barcode imaging and business card reading.
As may be seen in FIG. 19, MTF curve 1900 exhibits relatively high MTF values (e.g., ~0.2 and higher) throughout the
spatial frequency region of interest, thereby indicating good imaging performance even at this near field conjugate
distance for the multi-region imaging system including optics group 1210.

TABLE 3
Surface Type Radius Thickness Glass Diameter Conic
Object Standard Infinity Infinity 0 0
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(continued)
Surface Type Radius Thickness Glass Diameter Conic
1291 Standard Infinity 0.3804 PMMA | 1.347194 0
1292/Stop | Evenasph | Infinity 0.07652431 1.347194 0
1293 Standard 3.285444 0.8864066 K5 2.48704 0
1294 Standard -2.354398 | 0.2933432 F2 2.48704 0
1295 Standard -28.18008 | 2.168189 2.48704 0
1296 Standard 2.883053 0.8417674 K5 2.104418 0
1297 Standard -1.508167 | 0.242327 F2 2.104418 0
1298 Standard -5.335657 | 1.487967 2.104418 0
Image Standard Infinity 0.05080852 | O
TABLE 4
SURFACE 1292(3) | EVENASPH
Coefficient on r2 0
Coefficient on r4 -0.03062278

Coefficient on r6

0.0042801507

Coefficient on r8

0.043959156

Coefficient on r10 0.10487482
Coefficient on r12 -0.073525074
Coefficient on r14 -0.32282005

[0033] FIG. 20 shows a through-focus MTF curve 2000, at a spatial frequency of 100 Ip/mm, for an alternative imaging
system that has been optimized to provide better imaging performance at 25 cm conjugate distance compared to that
of the multi-region imaging system whose through-focus MTF curve is shown in FIG. 15. That is, the alternative imaging
system essentially includes the components of multi-region imaging system 1200 of FIG. 12 but with a prescription that
is summarized in TABLES 3 and 4. The alternative imaging system includes a plano/aspheric element 1220(3), having
a second surface 1292(3) with aspheric coefficients summarized in TABLE 4, to provide better imaging performance at
25 cm conjugate distance. It may be noted that through-focus MTF curve 2000 for the alternative multi-region imaging
system includes multiple, wide humps rather than a single narrow peak or two distinct peaks as in the previously discussed
embodiments. Further differences in system performance may be seen by comparing the polychromatic diffraction MTF
curves shown in FIGS. 21 - 24, for the alternative multi-region imaging system, with those shown in FIGS. 16 - 19,
corresponding to the performance of optics group 1210 of multi-region imaging system 1200 including aspheric surface
1400 as surface 1292(1). FIG. 21 shows an MTF curve 2100 far a conjugate distance of infinity, FIG. 22 shows an MTF
curve 2200 for a conjugate distance of 60 cm, FIG. 23 shows an MTF curve 2300 for a conjugate distance of 25 5 cm,
and FIG. 24 shows an MTF curve 2400 far a conjugate distance of 15 cm. In comparing FIGS. 21 - 24 with earlier
described FIGS. 16 - 19, it may be seen that the MTF curves far the alternative imaging system, while providing slightly
better performance at 25 cm, are generally lower across the portrait and bar code regions.

TABLE 5
SURFACE 1292(4) | CUSPLINE
Z at 1/8 of S-D -0.0010485351
Z at 2/8 of S-D -0.0010594568
Z at 3/8 of S-D -0.00082374686
Z at 4/8 of S-D -0.00057644724
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(continued)
SURFACE 1292(4) | CUSPLINE
Z at 5/8 of S-D 0
Z at 6/8 of S-D 0
Z at 7/8 of S-D 0
Z at 8/8 of S-D 0

[0034] There are many design methods that may be used to achieve multi-region imaging systems. Some examples
were described. Aspects of each of these examples may be combined, by those skilled in the art of optical/digital imaging
systems, to form new systems within the scope hereof.

[0035] Some possible combinations of features for the multi-region imaging system are:

1. OPD-modifying optics + digital signal processing ("DSP") for two 01’ mare best focus imaging regions;

2. OPD-modifying optics + DSP for two or more best focus imaging regions for human viewed systems;

3. OPD-modifying optics + DSP for task based imaging over two ar more best focus imaging regions;

4. OPD-modifying optics far forming two or more best focus imaging regions where the through focus MTF related
to at least one region is broader, or has an extended depth of field, than without the OPD-modifying optics;

5. OPD-modifying optics from 4 that include continuous phase modifications;

6. OPD-modifying optics from 4 that include discontinuous phase optics;

7. OPD-modifying optics from 4 that use specially designed chromatic aberration;

8. OPD-modifying optics from 4 that use sub-wavelength phase variations;

9. OPD-modifying optics + DSP for two or more best focus imaging regions for mobile phone applications;

10. OPD-modifying optics + DSP for task based imaging over two or more best focus imaging regions for automotive
applications;

11. OPD-modifying optics from 4 that are illumination dependent.

12. OPD-modifying sensors (electronics + package + cover glass) for multi-region imaging;

13. Use of 12 for automobile applications; and

14. OPD-modifying multi-region imaging where spatial changes in focus at the image plane are realized.

Claims

1. A multi-region imaging system configured to simultaneously image objects located at specific non-adjacent regions
in the object space, comprising:

a single aperture that limits light rays (1250) entering the imaging system (1210);

imaging optics (1230, 1240);

an optical pathlength difference(OPD)-modifying element (1220) and a sensor array (1260), the imaging optics
(1230, 1240) and the OPD-modifying element (1220) forming an optical image at the sensor array, the sensor
array (1260) converting the optical image to a data stream (1270); and

a digital signal processor (1280) for processing the data stream to generate a final image;

wherein the OPD-modifying element (1220) imparts a continuous phase modification, to provide the first and
second regions in the optical image corresponding to object distance ranges that are discontiguous, the con-
tinuous phase modification comprising a phase function of:

ax’ + Lower(x)Bx* ,

where « and g are constants specified such that the OPD-modifying element (1220) provides a first region in
the optical image that is characterized by a first range of best focus and a second region in the optical image
that is characterized by a second range of best focus, the first range and the second range corresponding to
object distance ranges that are discontiguous and, Lower(x) is zero for x in an upper half of the OPD-modifying
element, and unity for x in a lower half of the OPD-modifying element, wherein the boundary between the upper
half and the lower half of the OPD-modifying element is located at x=0.

10
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2. The imaging system of claim 1, wherein the OPD-modifying element (1220) comprises at least one of a molded
material, an optical element including subwavelength phase modifying features and a material including refractive
index variation therein.

3. The imaging system of claim 1, wherein the OPD-modifying element (1220) provides spatial changes in focus at
the optical image.

4. Method of imaging objects located at specific, non-adjacent regions in the object space, utilizing an imaging system
according to any one of the preceding claims,
such that
electromagnetic energy transmitted through the single aperture, subsequently through the imaging optics and inci-
dent on the sensor array forms animage that is in focus over at least two conjugate distance ranges for two respective
portions of the image,
the two conjugate distance ranges being separated by at least 40 cm.

5. The method of claim 4, wherein the phase modifying element generates the two respective portions of the image.

6. The method of claim 4, wherein configuring the imaging optics with the phase modifying element comprises inte-
grating, into the imaging optics, at least one of a transparent plate covering a portion of the sensor array, an aspheric
element and a power-providing optical element.

7. The method of claim 4, wherein configuring the imaging optics with the phase modifying element comprises inte-
grating, into the imaging optics, at least one of a molded material, an optical element including subwavelength phase
modifying features and a material including refractive index variation therein.

8. Themethod of claim 4, wherein incorporating the phase modifying element comprises arranging the phase modifying
element for providing spatial changes in focus at an image plane of the imaging optics.

Patentanspriiche

1. Mehrbereichabbildungssystem, das konfiguriert ist, gleichzeitig Objekte abzubilden, die sich an bestimmten nicht-
benachbarten Bereichen in dem Objektraum befinden, das Folgendes umfasst:

eine einzelne Blende, die Lichtstrahlen (1250), die in das Abbildungssystem (1210) eindringen, begrenzt;
Abbildungsoptik (1230, 1240);

ein den optischen Gangunterschied (OPD) verdnderndes Element (1220) und eine Sensoranordnung (1260),
wobei die Abbildungsoptik (1230, 1240) und das den OPD verandernde Element (1220) eine optische Abbildung
auf der Sensoranordnung erzeugen, wobei die Sensoranordnung (1260) die optische Abbildung in einen Da-
tenstrom (1270) umwandelt; und

einen Digitalsignalprozessor (1280) zum Verarbeiten des Datenstroms, um eine endgliltige Abbildung zu er-
zeugen;

wobei das den OPD verandernde Element (1220) eine kontinuierliche Phasenmodifikation Gbermittelt, um die
optische Abbildung mit dem ersten und dem zweiten Bereich zu versehen, die nicht zusammenhangenden
Objektabstandsbereichen entsprechen, wobei die kontinuierliche Phasenmodifikation folgende Phasenfunktion
umfasst:

ax® + Lower (x) px’

wobei o und B Konstanten sind, die derart spezifiziert sind, dass das den OPD veréandernde Element (1220)
die optische Abbildung mit einem ersten Bereich versieht, der charakterisiert ist durch einen ersten Bereich der
besten Brennweite und die optische Abbildung mit einem zweiten Bereich versieht, der charakterisiert ist durch
einen zweiten Bereich der besten Brennweite, wobei der erste Bereich und der zweite Bereich nicht zusam-
menhangenden Objektabstandsbereichen entsprechen, und Lower(x) Null ist, wenn x in einer oberen Halfte
des den OPD verandernden Elements liegt, und Eins ist, wenn x in einer unteren Halfte des den OPD veran-
dernden Elements liegt, wobei sich die Grenze zwischen der oberen Halfte und der unteren Halfte des den
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OPD verandernden Elements bei x = 0 befindet.

Abbildungssystem nach Anspruch 1, wobei das den OPD veradndernde Element (1220) ein geformtes Material, ein
optisches Element, das phasenverandernde Merkmale im Subwellenldngenbereich enthélt, oder ein Material, das
darin Brechungsindexanderung enthalt, umfasst.

Abbildungssystem nach Anspruch 1, wobei das den OPD verandernde Element (1220) die optische Abbildung mit
raumlichen Anderungen in der Brennweite versieht.

Verfahren zum Abbilden von Objekten, die sich an bestimmten nicht benachbarten Bereichen in dem Objektraum
befinden, unter Verwendung eines Abbildungssystems nach einem der vorhergehenden Anspriiche, so dass
elektromagnetische Energie, die durch die einzelne Blende und anschlieend durch die Abbildungsoptik durchge-
lassen wird und auf die Sensoranordnung auftrifft, eine Abbildung erzeugt, die Uber mindestens zwei konjugierte
Abstandsbereiche flr zwei entsprechende Abschnitte der Abbildung scharf eingestellt ist,

wobei die zwei konjugierten Abstandsbereiche durch mindestens 40 cm getrennt sind.

Verfahren nach Anspruch 4, wobei das phasenverandernde Element die zwei entsprechenden Abschnitte der Ab-
bildung erzeugt.

Verfahren nach Anspruch 4, wobei das Konfigurieren der Abbildungsoptik mit dem phasenverdndernden Element
das Integrieren einer transparenten Platte, die einen Abschnitt der Sensoranordnung bedeckt, eines aspharischen
Elements oder eines Energie bereitstellenden optischen Elements in die Abbildungsoptik umfasst.

Verfahren nach Anspruch 4, wobei das Konfigurieren der Abbildungsoptik mit dem phasenverdndernden Element
das Integrieren eines geformten Materials, eines optischen Elements, das phasenverdndernde Merkmale im Sub-
wellenldngenbereich enthalt, oder eines Materials, das darin Brechungsindexanderung enthéalt, in die Abbildungs-
optik umfasst.

Verfahren nach Anspruch 4, wobei das Einbauen des phasenverandernden Elementes das Anordnen des phasen-
verandernden Elements im Brennpunkt einer Bildebene der Abbildungsoptik zum Bereitstellen von raumlichen
Veranderungen umfasst.

Revendications

Systeme d’imagerie a régions multiples configuré pour reproduire simultanément en image des objets situés sur
des régions spécifiques adjacentes dans I'espace d’objets, comportant :

une ouverture unique qui limite des rayons lumineux (1250) pénétrant dans le systéme d’imagerie (1210) ;
des composants optiques d’imagerie (1230, 1240) ;

un élément modificateur de différence de longueur de trajet optique (OPD) (1220) et un réseau de capteurs
(1260), les composants optiques d'imagerie (1230, 1240) et I'élément modificateur d’OPD (1220) formant une
image optique sur le réseau de capteurs, le réseau de capteurs (1260) convertissant I'image optique en un flux
de données (1270) ; et

un processeur de signal numérique (1280) pour traiter le flux de données afin de générer une image finale ;
dans lequel I'élément modificateur d’OPD (1220) induit une modification de phase continue, pour fournir les
premiére et seconde régions dans I'image optique correspondant a des plages de distances d’objets qui ne
sont pas contigiies, la modification de phase continue comportant une fonction de phase de :

3 2
oax™ + Lower (x)px,

dans laquelle o et § sont des constantes spécifiées de telle sorte que I'élément modificateur d’'OPD (1220)
fournit une premiéere région dans I'image optique qui est caractérisée par une premiere plage de meilleure
focalisation et une seconde région dans I'image optique qui est caractérisée par une seconde plage de meilleure
focalisation, la premiére plage et la seconde plage correspondant a des plages de distances d’objets qui ne
sont pas contigies et, Lower(x) est égal a zéro pour x dans une moitié supérieure de I'élément modificateur
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d’OPD, et a I'unité pour x dans une moitié inférieure de I'élément modificateur d’OPD, dans lequel la frontiére
entre la moitié supérieure et la moitié inférieure de I'élément modificateur d’OPD est située a x = 0.

Systeme d’'imagerie selon la revendication 1, dans lequel I'élément modificateur d’OPD (1220) comporte au moins
un élément parmi un matériau moulé, un élément optique incluant des caractéristiques de modification de phase
de sous-longueur d’onde et un matériau incluant une variation d’indice de réfraction dans celui-ci.

Systeme d’imagerie selon la revendication 1, dans lequel I'élément modificateur d’OPD (1220) assure des variations
spatiales de focalisation sur I'image optique.

Procédé d'imagerie d’objets situés sur des régions spécifiques, non adjacentes dans I'espace d’'objets, utilisant un
systéeme d’imagerie selon 'une quelconque des revendications précédentes, de telle sorte que

de I'énergie électromagnétique transmise a travers I'ouverture unique, puis a travers les composants optiques
d’'imagerie et incidente sur le réseau de capteurs forme une image qui est focalisée sur au moins deux plages de
distances conjuguées pour deux portions respectives de I'image,

les deux plages de distances conjuguées étant séparées d’au moins 40 cm.

Procédé selon la revendication 4, dans lequel I'élément modificateur de phase génére les deux portions respectives
de l'image.

Procédé selon la revendication 4, dans lequel la configuration des composants optiques d'imagerie avec I'élément
modificateur de phase comporte I'intégration, dans les composants optiques d’imagerie, d’au moins un élément
parmi une plaque transparente recouvrant une portion du réseau de capteurs, un élément asphérique et un élément
optique fournissant de la puissance.

Procédé selon la revendication 4, dans lequel la configuration des composants optiques d'imagerie avec I'élément
modificateur de phase comporte I'intégration, dans les composants optiques d’imagerie, d’au moins un élément
parmi un matériau moulé, un élément optique incluant des caractéristiques de modification de phase de sous-
longueur d’onde et un matériau incluant une variation d’'indice de réfraction dans celui-ci.

Procédé selon la revendication 4, dans lequel I'incorporation de I'élément modificateur de phase comporte I'agen-

cement de I'élément modificateur de phase pour assurer des variations spatiales de focalisation sur un plan d’image
des composants optiques d’imagerie.
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